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DESIGN TECHNIQUES FOR MINIATURIZED
SPACECRAFT HIGH VOLTAGE POWER SUPPLIES

Arthur P. Ruitberg and Joseph A. Gillis
NASA/Goddard Spaceflight Center
Greenbelt, Maryland

Abstract !

High voltage power supplies used in experiments on board unmanned scientific
satellites must meet stringent requirements in the areas of size, weight,
Careful selection of a design approach must be made in Lo
order to achieve these requirements and at the same time maintain high
This selection is especially critical with today's output l

!

. and efficiency.

reliability.

levels often being an order of magnitude higher than those called for in

the past.

1. INTRODUCTION

The areas addressed in this paper are derived
from the results of detailed analysis coupled
with breadboard experimentation in the develop-
ment of high voltage power supplies. These areas
in the past havé been the sources of some design
" difficulties and/or a lack of understanding. With
this understanding and the application of the
results presented here, typical problems aﬂd
pitfalls often experignced in these areas will

be, hopefully, avoided.

Over the past 15 years or so, the Payload Inter-
faces and Instrument Power Section at thelcoddard
Space Flight Center has designed and provided a
diverse array of high voltage power supplies for
spacecraft experimenters. These have been designed
to meet a wide variety of specifications supplied
ﬁy the user to meet the particular requirements

of the experiment. Three typical specifications
recently designed to by this group appear (in
This is typical

of the differences in requirements from one unit

abbreviated form) in Section 2.

to the next. While it may be possible to copy

This paper describes three high voltage power supplies that :
illustrate the different design requirements encountered in spaceflight ' {
applications and the appropriate circuit solutions. ' Q

all or most of a past design for a specific job, |
it is obvious no one supply could practically: |
serve all the needs shown by the three specifica-
tions. Because of this, and the ever-increasingi
demands of experimenters for'more sophisticated
and unique performance, more often than not each

new requirement needs a new design effort.

However, all is not quite as gloomy as the above
may imply. While it is true that a high voltage
power supply may be a new design when taken as a

whole, it will be made up of building blocks, the

design and use of which can be based on practical

experience from previous work. This is true
particularly of those building blocks germane to
the high voltage area. This paper deals with
these areas, i.e., dealing with problems arising
from the reactive loading of tuned circuits,
isolated voltage regulation techniques, and per-
formance prediction from the analysis of varlous
forms of the basic multiplier stack. In regard
to this last point,CUhiLe.it is.true that certain

aspects of mutiplier design are well documented,
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the authors have found that'a complete overview
of all operating characteristics of various stack
configurations either does not exist or is very
hard to find.

The questions to be answered here, therefore, are: y/
: be. | Ac Ac vorT | H¥
(1) What characteristics should be looked ‘ pquLT 1
for in selecting an AC generator as the /N;: osc. REG r—"' * lovTpuT

initial stage of high voltage designa? i
‘(2) What considerations must be taken into °
" account when dealing with reactively

loaded tuned circuits? P ‘ ! ’

. P - FIGURE 1 )
(3) What are some proven techniques for - : E
DC isolated voltage regulation? As will be shown,in some designs the last two '
"(4) What considerations are involved in ' blocks may be combined. Figures 17, 18, and 19
multiplier stack configuration,. and how. show, in simplified schematic form, the t;n:ee high -
does one analyze its operation to pre- voltage power supplies. The following sectiona
dict its performance? ) discuss the building blocks individually and their
2. The high voltage power supply primary ‘spec- ' interactions. _ o a
ifications are shown in Table 1. 3. VOLTAGE MULTIPLIERS '
Any item not mentioned in Table 1 was either not Cockcroft Walton Multiplier design characteristics
specified, or not pertinent to this discussion. have been described in numerous art:lcles.(l’n
Figure 1 is a block diagram representation of a Normally derived are the losses and ripple gen=
typical high voltage power supply. These can be erated to support a dc load according to the
considered as the basic building blocks of a following equations:
typical high voltage power supply alluded to  : . ¢
earlier. ‘ . ' ’
TABLE 1
Power Supply [ 2% #2 #3
Input Voltage -24,5V + 2% +28v £ 102 +19V + 2%
Output Voltage .5V to T 2500V -35KV 0 to =24KV in 1024
programmably controlled steps commandable by
by 6 bit serial cmd. to 2 10 bit serial or
up to 60 Log. related i parallel cmd.
levels per second .
Settling Time <2msec between - ’ -
: sequential steps
Output Load - - ]OOnamp @ 2500V. - ‘ 0 40 Jramp @ -24,000V,
Regulation +V and ~V to differ €2 Z, +52 +0.052
1+ +|-v])/ 2 <] 2
of commanded level
Output Ripple £5mv p-p ' £200V o-p » <1V p-p
Frequency . 20KHZ or multiple 20KHZ or

thereof multiple thereof

Current Limit _— 1,,£250a —_—



Vour oc = 2V,

VippLE =(I/2£QN (N+1) (2)

Vioss = (L/£c)(2/3N3 + 1/282 - 1/6N) (3)

Where ~ I = Load current

f = Operating frequency

c = Multiplier capacitance of each stage
N = Number of stages

Vg= AC Input Voltage 0 to Peak

A stage is defined to mean what is
commonly known as a doubler.

With a given load current, input voltage and output
level, the two var;ablea'open to the designer to
ﬁeet voltage loss and ripple goals are the operating
frequency andacapacitor size. As shown in the spec~
ifications Table 1, the operating frequency is some-
times restricted so the primary method to improve

voltage ripple and loss is to vary the multiplier
capacitance. ' .

"An alternative method to improve operating char-

acteristics is to consider a modified multiplier
circuit. Figure 2A shows the standard Cockcraft/
Walton ﬁﬁltiplier, and Figure 2B shows another
version called the parallel charge mulfipler.

FIGURE 2

The parallel charge multiplier offers a reduction
in the voltage loss as function of the number of
stages over the Cockcroft/Walton multiplier without

on increase in the number of parts.

t

To formulate ripple and loss equations for this
multiplier similar to equations (3) and (2), a look
at the charge transfer in the capacitors to support

a load current is necessary.

If the amount of charge flowing from capacitor Cy
to support the load current for ome cycle is Agq.
This charge, Aq, will be replaced from Cﬁ when V,
Similar to a Cockcroft
Walton multiplier, the charge flow from CN—l is
20q. Onelq supports the load and the other B q
charges Cﬁ when Vg reaches its negative peak.

reaches a positive peak.

However, the charge from Cﬁ_l to recharge Cy_3 is
one Aq. In the Cockcroft/Walton multiplier, the
charge flow in Cj.y is2Aq. OneAq flows into Cyj and
another into Cy_;. The results of determining the
charge flow per cycle for the rest of the multiplier

is shown in Figure 3A and Figure 3B.
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v Nby

- -
(N-)bq 2y
8

FIGURE 3

Although the charge transfer increases by oned q

in each of the Cy, Cy-3, CN-2s «--» C7 stages as

~you progress up the stack, the charge transfer stays

constant at onedq in the upper capacitors Cy, Cy_;,
t 1

CNogs +++» Cf.

As compared with the Cockcroft/Walton version where

the charge transfer increases by onelAgq in both the

upper and lower capacitors, the voltage loss is
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reduced (particularly for the stages nearest the
the input) when charge is passed from the upper

to lower capacitors.

The loading drop for the parallel charge mult-
iplier with all capacitors having equal value is
calculated as follows:

c1 is charged when V is' at its positive peak to
2V -Aq/c because of the voltage given up by ci
equals aq/c. Ci is then charged when V_ is at its
v -Ag/c—ﬁiE?Z\because of the

charge reduction in c, is Nag/c. Progressing down
the multiplier in a similar fgshioq yields the !

following resultss

negative peak t

V., =Aq/c =

L1 I/fc
~VLZ = I/fe (;+N)
Vg = I/fc (2N)
Vin " I/fc (N (N-1)+(N=-2)+ ... +1)

where VLn

stage.

is the dc loss in the nth

The total loas ist

v =V

L ToTaL = L1+v + eee + V.

L2 LN

= I/fc:2 (n -n +1) (4)
= I/fc (N +2/3N) (5)

The ripple voltage would still be:
v = 1/2fc N(N+1) (6)

Use of the parallel charge multiplier involves a

The
voltage across the capacitors ci, Cé, Ca,... ,Cﬁ

tradeoff with component voltage ratings.

increase as follows:

1 = —
Vcn (2n 1)Vs N
Use of the parallel charge multiplier with high
stage count could become prohibitive because of the
required high voltage rating for the higher stage
C' capacitors. The voltage across the Cl’CZ""’CN

capacitors 1s ZVs. In a Cockcroft Walton multi-

4
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plier the maximum voltage across any capacitor is
.
However, the problem of increasing voltage stress

With a parallel charge multipliex

since the upper capacitors only pass one Aq, a

can -be overcome.

smaller value capacitor could be used with a higher
voltage rating for the latter stage without greatl&
sacrificing performance and increasing part size.
For this arrangement,Fig. 4, the voltage loes is
calculated to be: : ; i

®) -

V)oes = Ve /3 - 83+ N/a)

-

FIGURB & i
The increase of léss over the standard parallel .
charge multiplier is eq.(8)- eq. (5) or
|

Vyge = NU/fc (Ua =1 ' (9y
For an example, suppose N= 10, 1/e= 10, and I/fe=1
The Iosses for the three multipliers with an output
voltage of 12.5KV would be:

MULTIPLIER L0SS (volts)

Cockecroft Walton 715
Parallel Charge 340
Par. Charge With CL- Ca 430

Other multiplier configurations are available to the
designer, Hybrid multipliers which cascade to-

gether parallel charge and Cockcroft Walton stages
can offer intermediate performance while limiting
component rating increases. Examples are 11lustra=

ted in figure 5.

Taking a closer look at Fig. 5B, one can see that
the multiplier consists of two three stage Cockeroft

- ®
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FIGURE 5 ¢, vrees / /Jav»ftefr

€s, We'd like
to compare the characteristics of this typernetwork

Walton multipliers connected in

with two N/2 series stages to our previous stacks.

. veloped would be useful,

Calculating the voltage loss ylelds:

©w 1/tef20/60/2) + (D8 -

vl
088 (n/2)/3) (10)

Eacﬁ capacitor sees a maximum voltage of 2Vs with
the exception of ¢', which sees a voltage of (N+1¥g.
This network provides improved performance over the
standard Cockcroft/Walton multiplier and requires
only one component with an elevated voltage rating

above 2 Vg

Figure 6 compares the four mulipliers discussed as

a function of the number of stages N.

VOLTAGE LOSS WiTH Tf¢czl

W0 F  ygrsus NO. OF STAGES
FOR -MULT. WETWORKS ; B

" A. COCKCROFT/ MALTON
'g 2000 B. HYRND F16.58
S C. PAR.CHARGE FiG.4 <
a D. PAR,CHARGE FIG.2% P
S

10001

[ 10

2 Y
NUMBER OF STAGES
‘ FIGURE 6

A second type of ripple voltage and voltage loss
is generated in a multiplier stack from the circu=
lating currents in the series and shunt (rectifier)
capacitors. A cascaded multiplier actually forms
a capacitor ladder network which attenuates the
This

ripple is sinusoidal and exists with an amplitude

sine wave amplitude in each sucessive stage.
independent of the joad and operating frequency.
This phenonema was ‘first described by Everhart and
Lorrain3 and the following equations for voltage

loss and ripple were developed:

v

out (16)

-‘vsb tanh(2N/b)

= Vs(l_- sech(2N/b)) (17)

vripple

2
where Cprone Gy, /®

A look at how this voltage ripple and loss are de~ -
Referring to figure 7,
the AC voltage across D1 in fig. 2A is attenuated
to a level below 2Vs because of the divider action

between C! and the rest of the stack. If the ratio

1

of the multiplier capacitance to the rectifier

capacitance were infinite ‘the sine wave voltage

swing on Dy and all other diodes would be 2Vs.

When the input sine wave i{s at the negative extreme
the voltage across D1 reaches zero volts for mul=
tiplier action to exist. Since the voltage swing

is less than sz’ the peak voltage across D1 is less_

than ZVS bj an amount A. At this time the voltage

g
Vssinwt e \\_// \\ /
’;"s 2 z *a
Vo 4 A‘J’/
o L
Ver ;f"“'_""“"""””'T??““-——~’
, .
Vo2 /\/ \/
ErA L3

FIGURE 7



across Dzwis zero volts and_fhé Qoltage impresééd
on c1 is reduced by the same amount. As the input
sine wave approaches its negative extreme the
voltage across C, reaches a minimum again due to
divider action. This produces a further voltage
drop when D, conducts. The AC current flow in ¢
and the rest of the lower capacitors (62,03,....0&
produces the ripple voltage. The sinusoidal cur-
rent that flows into the stack is essentially the
current required to charge each of the diodes' '
parasitic capacitance and can be approximated by:
Tiack = (Vg) (Ju2NCp)

stack

or Cypany = G (11)} ,

where CD is the capacitance of éach diode

" The AC current in the multiplier capacitors is
reduced for each succeeding stage since the number
of diodes in the remainder of the stack reduces; ‘
or staéed another way, the stages nearest the input
contribute the majority of the total ripple
voltage.

Worst case ripple can be estimated.for multipliers
with b>>1 by simply summing the voltage drop in
each Cy due to current flow to charge the total
diode capacitance in the remainder of the stack.

Approximately, the current flow into each diode iss

Through C1 flows the current of (2N-1) diodes
resulting inva voltage drop(assuming Y for all
diodes equals Vs) eq’uc\ to:

Vpy = @N-1)wCYg/ wblCy= (2N-1)Vg/b2

and Vg, = (2N=-3V3)/b2
Vpy = Vg/b2
The resultant total drop is Vg N2/b2 (12)

The same analysis for voltage loss due to shunt
capacitance can be performed for the parallel
charge multiplier. The results yield the follow-

ing equation for output voltage:

VaraN

VM = V Zb tanh ¢Z N/b) (13)

Figure 8 compares the losses for a Cockcroft/

Walton to a parallel charge multiplier.

- - N

OUTIUT MNORMALIZED TO

IDEAL VERSUS 2N FOR:
_A. PARALLEL CHARGE

B.. COCKCROFY WALTON

[ e

| | /b

FIGURE 8

Now that a background is established in multipliet_
theory, we can proceed with the examination of the
stacks for the three supplies. 4

The -35KV power supply multiplier has an input
voltage of approximately 1600 volts O to peak and

requires an output of -35,000 volts with less than

200 volts ripple O to peak.

Since the power supply operates under no load, a
Cockeroft/Walton multiplier using Cyx = Cy' =
1,000 pf and Cp~1.5 pf can be used with no
component rating exceeding 2 Vg. The output drop
and ripple can be computed using equations 16 and
17,

A twelve stage network would give an 1ldeal output
of 12 x 2 x 1600 = 38,400 volts.

The DC output with losses would be:
Vour = 3200 + 1600 Y2000 tanh (2242000) 35,875KV

Vpyppig = 1600 [1-sech (2N/b)] = 187 volts o-p

In this case, the Cockcroft/Walton multiplier would
provide adequate results without requiring
capacitor voltage ratings above 3200 volts.

The Stepping Power Supply requires a three stage

multiplier to step up the transformer output level

to approximately 3KV with a 500V 0 to peak input

sine wave., Since the input to the multiplier is



stepped from one‘ﬁd level tovthe next; and the
settling time between steps is to be minimized, a
stack offering minimum dynamic impedance is
desirable.

A parallel charge multiplier would offer the best
results. The equivalent impedance would be repre-
sented by (N3/3 + 2N/3)/fc which was derived in
equation 5, The outpul could then be weitan ass

Vogp = 2W3 - I/fe (N3 + 20/3)  (14)

Also apparent is the need to operate at the highest
practical frequency. Because of space limitationms,

the capacitor size per stage is limited to 220 pf.

The equivalent impedance with the frequency at f'"

60KHZ equals: -
(33 +2n/3) /£c = (11)/60x103 x 220x 10-12 = 833K

Since the méximum amplitude of Vg is approximately
500 volts, the maximum required component rating is_
500 x 5 = 2500 volts.

Calculating the ripple voltage due to the shunt
capacitors with a 2500 volt output yields:
VR = E (1-sech 2N/b) )

b2~s220/1.5 = 147
Vg = 500 (1-sech 6/12,1) = 55 volts p-p

The -24,000 volt power supply requires a cascade
network of 10 stages and has to deliver approxi-
mately 1 watt. A standard Cockecroft/Walton circuit
would contribute excessi ve drop with this stage

count,
the necessary reduction in lossesj however, five
capacitors would have to support a voltage in the
12 to 24KV range.

size and weight problem,

This arrangement would cause a
Figure 5B was chosen
because only one capacitor would need to support a
voltage of 13KV and the rest would support appro;i-
mately 2.4KV,

\
The ripple:calculatedfor the network as follows:
First, the ripple voltage due to the loading effect
with C=4400pf, f= 35 x 103, I = 40m A,

VR = I/fc N(N+1) = 14 volts p-p

The parallel charge multiplier would provide

N TS e

The ripple due to the shunt capacitor is with
b2 = 44003

L) r ) . Lo .
VR - E(l-sech 2»;/53- 1300&- sech 20/69-S7volta P-pe
The voltage output calculates to:

Vogr = Vs b tanh (2N/b) = 25,236 volts

The loss calculated from equation 10 is 194 volts.
so the total DC loss is 194 + 764 = 958 volts.

!
!
1
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4. o OSCILLATORS

The AC generator is the basic building block from
which the high voltage is ultimately developed.
Resonant sine wave oscillators are generally pre-
ferred for this purpose. Driven sine wave genera-
tors, as well as driven and self-oscillating square
wave generators have been used in the past for this
purpose. These, hoqever, generally give poor
performance as they tend to be inefficient and, in

the case of the square wave generators, very noisy.

Quite often in the past, very good use has been
made of~a single ended resonant sine wave oscillator

This is showm in
its attraction lies chiefly ini4ts

of the Hartley configurationm.
Figure 9.
efficiency, simplicity and consequent reiiability.
Its efficiency stems from Class C operatioh whereby
Q1 conducts only briefly during that part of the

i near zéro wity .This type of oscillator
cycle when its collector-emitter voltage does
sometimes show temperamental operation in that it
can display non-symetrical waveforms and/or para-
. Also,
it tends to be somewhat sensitive to 1dading when

sitic oscillations under certain conditionms.

transistor gain becomes quite significant and
sometimes Q1 must be a compound connected pair of

some sort.

[N
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FIGURES 9-10
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The push-pull circuit shown in Figure 10 tends to
overcome these problems. It is a self-resonant
sine wave oscillator and with reasonable design
displays very stable operation under all conditions.
This is primarily due to the positive feed back
Class B operatioﬁ of Q1 and Q2. This circuit has
been well documented.(4’5) Input current to the
primary is a fairly steady DC (depending on the
size of L1). Very good efficiency is obtained
since Q1 and Q2 are full on (saturated) during
their conducting half of the cycle. The AC voltage
This means that

energy is being pumped into the transformer at all

is absorbed by the input choke L1.

times except the instant when the winding voltage
is zero. At any instant, the power is being
directly transformed to some load which may be
acroés the secondary and/or stored in the citcuits:
reactive elements. The input power to TI 1s:

Pin = Ig, x By

or v

Pin = Iy, x 2E/T (15)

Where Ep is equal to one half of the peak c¢ollector
voltage (or equal to the peak voltage across the

"

on" side of the transformer primary).

The resonant frequency is determined by the total
capacitance reflected to any winding, and the
In lightly loaded "

circuits, the capacitance could be only the winding

inductance of that winding.
capacitance plus stray capacitances. This can some-
sometimes make the operating frequency hard to
predict. When substantial loads are required
(around one watt or more), then discrete capacitors
should be added to the secondary and/or primary
such that the RMS resonant current is about 10
times the DC input current (considering turns
ratios). It has generally been found beneficial
to have capacitance across both the primary and
secondary under loaded conditions as it tends to
reduce sine wave distorting, which in turn reduces
the chances of parasitic oscillations appearing on
A side benefit of this

circuit is that no input filter capacitor is

the peak of the sine wave.

required. All three high voltage power supplies

use this sine wave oscillator with good success.

e 'x;\
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5. . .. REGULATORS

High voltage regulation generally takes ome of
the two basic forms, series or parallel, and on
occasion both may be used. Series regulation is
often of the so called "front end" type whereby
a series regulator 1is put at the input to the
power supply and controlled by feedback from
either the output itself, or some point before
that. This'techniéue has two disadvantages.
(1) Inherent lack of DC isolation between
input and output. .
(2) Inclusion of more of the complex AC

circuitry in the feedback loop.

The first ﬁroblem can be overcome with thg use
of such devices as opto-isolators. Howéver, a
more satisfactory solution to overcome both the
above is to regulate somewhere beyond the sinus-
oidal osgillator. A technique which has been

used extensively by this group is - ome in which a
series regulator is placed between two transformers
by means of a full wave diode bridge. This is

shown in Figure 11A.

7!y
et

L7

Lt

: él%f el
B

FIGURE 11

]
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While this technique can introduce some problem,
a good understanding of the pertinent circuit
characteristics and proper design can give
excellent results. An eqhivalent circuit is

shown in Figure 11B.

This circuit has the advantage of much design
flexibility. The turns ratios of Tl and T2 can
be tailored over a wide range.' Typically, Tl will
This is
the maximum collector voltage which Ql would
normally be expected to see (see below). However,

give a peak AC output of about 150 valts.

Tl's output could be designed higher or lower
depending on the available transistor voltage
One point to bear in mind is that 1if Q1
is commanded off to reduce the output voltage to

ratings.

zero, its collector voltage will approach the peak
This is because the diode
junction capacitances in the full wave bridge tend

to peak output from Tl.

to peak rectify and hold their reverse voltage

since there is no where to discharge.

It is important to realize that if the resistor R
in FigurellB were equal to zero (regulating tran-
sistor full on), then T2 would combine in parallel
with Tl to form an equivalent tuﬁed circuit which
would oscillate at a freﬁuency determined by the
combined effect of L1, L2, Cl and C2. However, the
presence of resistor R) 0 tends to isolate somewhat
the two transformers to a degree dependent upon the
value of R. Therefore, the parallel resonant
circuiﬁ of T2, in series with resistor R, form the
load for the output of Tl. In practice, Tl would

be designed to operate at the desired frequency.

T2 would be then designed to self-resonant at this _

same frequency. This will keep the reactive com-
ponent of AC current to a minimum, and in phase

with the output voltage from Tl and the voltage

across T2 (i.e., T2 impedance is resistive and at a ~

maximum). This will result in the most efficient
transfer of energy from the AC oscillator to the

multiplier stack.

Also, the frequency of oscillation will stay
essentially fixed independent of the value of R
(regulated level), It is somewhat difficult to
predict exactly what T2 will have for a self-

resonant frequency. Usually,vcz is not a discrete

capacitor and is made up of total winding capaci-

tance, and whatever capacitance is introduced by
the multiplier stack ( fig- 11). Potting will

usually tend to increase the capacitance somewhat.

Z



It is advisable to individually pot T1 and T2 and
If

an impedance meter of some sort is availableé, it

try them prior to final total encapsulation.

is handy for checking the post-potted resonant
frequency of T2. A rule of thumb could be to
reduce this by about 20% to allow for the effects
of a typical multiplier stack and further potting.
One technique sometimes useful is to purposely
design 12 to a higher frequency than Tl, say 1.5
to 2 times, and then reduce it by the addition of'
adjusting until
maximum efficiency is obtained. For those in-

discrete capacitance for cz,

experienced in this area, some trial and error is
usually required. Power supply No. 1 and No. 3

use this technique.

Another class of isolated series regulators 1is
available that does not require two transformers.
The regulator is included as part of the multi-
plier. Figure 12 illustrates one type used with
a doubler multipler. In some applications, this

arrangement can save volume and weight.

V3=V,
At

FIGURE 12

The voltage across Cl is limited to Vg-Vr. The
The effi-
ency of this circuit is approximately the same as

output is then controlled to VgV,

the two transformer regulatbrs, and is approxi-

mately = 1-Vp/2Vg. .

The voltage across Q1 is now higher, typically
1,000 velts. Transistors with lower Vcg break-
down ratings can be used by using a series arrange=

ment as illustrated in Figure 13.

A second version can be used to regulate a multi-
plier stack with a high stage count. It is

illustrated in Figure 14.

i

FIGURE 13

. FIGURE 14

again Cl s limited to Vg=Vr.
Nth stage is controlled to N(ZVS— VR)‘

The output of the
The same
requirement of a high voltage pass transistor or

equivalent is necessary.

One advantage of regulating in the multiplier is
that the phase margin of the feedback loop. is in-
creased because the control is performed with

fewer phase shifts.

When tﬂe AC input to a multiplier is stepped from
one level to lower level, the fall time of the
output is determined by the RC time constant of
For lightly loaded

outputs, this time constant can be tens or

the multiplier and the load.

hundreds of milliseconds.

the fall time
of an output step change is to be less
millisecond.

In the stepping power supply (No.l),
than one
In order to meet this response time
a shunt regulator, in addition to thevseries

regulator, is used as illustrated.

' -

FIGURE 15
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The multiplier output DC level is stepped to
reduce disgipation in RD. Its level is kept
approximately 300 volts above the shunt regﬁlator
The
series regulator provides the course preregulated
input to the shunt regulator, which fulfills the

rest of the response requirement.

output by means of the series regulator.

The shunt regulator's response to a commanded
level change is extremely fast and assuming a
typical output line capacitance of 100 pf, the
settling time from one step to the next is approx-
imately 1 msec.

Figure 16 shows a typical high voltage shunt
regulator. The transistors are connected in a

"Totem Pole" configufation.

900V

FIGURE 16

The zener diodes across each transistor limit the

With no bias
on the control input Q1-Q3 are off, and the voltage

maximum collector to emitter voltage.

out is determined by the zener diodes (typically,
300 volts each). As the bias is increased, Q1
conducts and saturates. Then.Q2 enters the active
region and also saturates when enough bias is
appligﬁ. Similarly, Q3 starts to conduct and with
enough bias Q3 saturates. So the shunt regulator
can give us control of the output from the total,
zener diode drop (in this example, approximately
The

"Totem Pole'" configuration can be extended with

900 volts) to approximately zero volts.

more stages for applications with high output

voltages.

—
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6. CONCLUSIONS

The quest to improve the efficiency and reliability
of high voltage power supplies is never ending.
while the electronics involved in high voltage
generation generally follows standard design rules
and techniques, the physics of high voltage intro-
duce problems which set this branch of electronics
Engineers
involved in high voltage work must not only have

design uniquely apart from other areas.

an excellent grasp of electronics theory and
circuitry useful in this area, but must also be
well versed in (1) materials and (2) the fabrica-
While

much information on various aspects of high voltage

tion techniques required in this discipline.

design can be found, it is of a decentralized and
disorganized nature. This paper was written with
the hope it would be of some assistance in the

electronics area.
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